The present study was carried out to clarify the effect of the exogenous supply of 1-(2-chloro-4-pyridyl)-3-phenylurea (CPPU), 6-benzylaminopurine (BA) or Na-salt of α-naphthaleneacetic acid (NAA) on the occurrence of hollow cavity (HC) and vessel arrangement in roots of Japanese radish, 'Gensuke'. Relative to untreated controls, fewer roots exhibited HC when plants were sprayed with 10 mg·L −1 CPPU or BA solutions of > 1 mg·L
Introduction
Japanese radish (known in Japanese as daikon; Raphanus sativus L.) is an important vegetable crop in Japan, which can be cultivated throughout the year via the selection of appropriate varieties and areas. Generally, radishes are grown in two cropping types, a winter-spring crop and a summer-autumn crop. When radishes are sown mid-summer, they often develop a longitudinal hollow cavity (HC) in the central region of pith in the roots, and the occurrence of HC is one of the major problems in the summer-autumn production of radish.
Hollow cavities appear as intercellular spaces coalescing in the central pith during the first half of the growth stage (Kano and Fukuoka, 1991) . The pith region in normal roots is usually filled with large globular cellular elements because parenchymatous cells in the pith region preserve their meristematic potential to a considerable degree (Kano and Fukuoka, 1991) . Kano and Fukuoka (1992a) reported that lignification of parenchymatous cells around the central pith prevented cell division.
Endogenous cytokinin activity is known to be higher in roots without HC compared to those in which marked HC is observed (Kano and Fukuoka, 1995) . Furthermore, the application of synthetic auxin during the middle of the growth stage results in a higher incidence of HC in Raphanus sativus L. 'Gensuke' (Kano and Fukuoka, 1992b) . Cytokinins are indispensable for promoting continuous, active mitosis and cell division (Skoog and Miller, 1957) and inhibit lignin formation in carrot tissue culture (Shantz and Steward, 1955) . In contrast, the accumulation of synthetic auxin in plant cells arrests cell division (Murakami, 1971) , and the lignification of cells in plant tissues is accelerated by auxin treatment (Jacobs and Morrow, 1957; Thimann and O'Brien, 1965) . Thus, the occurrence of HC seems to be largely dependent on endogenous hormones that affect the lignification of parenchymatous cells, and HC may be able to be controlled by exogenous application of cytokinin-and auxin-like substances.
In the present study, it was attempted to clarify the effect of exogenous plant growth regulators on the occurrence of HC, and to consider the relationship between the lignification of parenchymatous cells and occurrence of HC.
Materials and Methods
To examine the effect of exogenous cytokinin and auxin on the occurrence of HC, three experiments were conducted at the experimental farm of Ishikawa Agricultural College, Ishikawa, Japan. In these experiments, to promote the occurrence of HC, radish plants were grown under high temperature conditions in mid-summer.
Effect of CPPU on occurrence of HC
Seeds of Raphanus sativus L. 'Gensuke' were sown on 12 July 1990 in the field. The quantities and times of fertilizer application, as well as the methods used to thin plants were the same as reported previously (Fukuoka and Kano, 1992) . The experiments included 10 treatments with 100 plants per treatment and there were no replications. The 60-day growth period was divided into three stages: 5 to 20 days after sowing (DAS) (early growth stage), 20 to 38 DAS (mid-growth stage), and from 40 to 58 DAS (late growth stage). Solutions of 0.1, 1, and 10 mg·L −1 1-(2-chloro-4-pyridyl)-3-phenylurea (CPPU) were sprayed onto foliage to run off. Each CPPU solution was applied every 3 days during the early growth stage, the mid-growth stage, or the late growth stage. Control plants were grown without treatment. The occurrence of HC was examined at 30 and 59 DAS, and plant growth was examined at 59 DAS. On each sampling date, 20 plants were randomly sampled from each group and 15 uniform plants were selected for the examination. To assess the occurrence of HC, the root was cut lengthwise along the central axis, and the maximum length and width of the largest hollow were measured. A root with a hollowness index (maximum hollow length × maximum hollow width) exceeding 100 mm 2 was regarded as a root with HC. For anatomical studies of vessel arrangement, roots from plants to which CPPU had been applied during the mid-growth stage were sampled at 25 and 59 DAS. The mid-portion of the 25-day-old root was dehydrated, embedded in paraffin, and sectioned with a rotary microtome at 10 µm. The sections were stained with hematoxylin and eosin. The mid-portion of the 59-dayold root was sectioned at 5 mm, immersed in phloroglucinol-HCl reagent and photographed immediately. For anatomical examination, roots without HC were used.
Effect of BA on occurrence of HC
Seeds of 'Gensuke' were sown on 27 July 1992, and grown in the field as described above. 6-Benzylaminopurine (BA) solutions of 1, 10, and 100 mg·L −1 were sprayed onto foliage to run off every 5 days from 15 to 30 DAS. Control plants were grown without treatment. Fifteen uniform plants were sampled at 60 DAS, and plant growth was measured. The occurrence of HC was examined using 15 uniform roots at 30, 40, 50, and 60 DAS as described above.
Effect of NAA on occurrence of HC
Seeds of 'Gensuke' were sown on 14 July 1989 and grown in the field as described above. Na salts of α-naphthaleneacetic acid (NAA) solutions of 1 and 5 mg·L −1 were sprayed onto foliage to run off every 5 days from 5 to 25 DAS or from 30 to 50 DAS (designated the first half and second half of the growth stage, respectively). Control plants were grown without any treatment. Fifteen uniform plants were sampled at 58 DAS, and plant growth was measured. The occurrence of HC was examined using 15 uniform roots at 35, 45, and 58 DAS as described above. For anatomical studies of vessel arrangement, roots from plants to which NAA had been applied during the first half of the growth stage were sampled at 25 and 45 DAS. Vessel arrangement in the mid-portion of the roots was examined as described above. For anatomical examination, roots without HC were used.
Results

Effect of CPPU on occurrence of HC
Leaf growth was accelerated by the application of all CPPU solutions, and leaf weight was heaviest when CPPU was applied during the late growth stage (Table 1) . Application of CPPU during the mid-and late growth stages tended to accelerate root growth. Application of 10 mg·L −1 CPPU in the early or mid-growth stages had a suppressive effect on the occurrence of HC, but this effect was not shown by application during the late growth stage (Fig. 1) . In the controls, the percentage of roots with HC was 32% at 30 DAS, and reached 60% at 59 DAS. In plants to which 10 mg·L −1 CPPU had been applied in the early or the mid-growth stage, the percentage of roots with HC was 7% and 0% at 30 DAS and 40% and 20% at 59 DAS, respectively. The effects of CPPU application during the mid-growth stage on vessel arrangement in roots is summarized in Figure 2 . The density of vessels in the roots of plants that had been treated with 10 mg·L −1 CPPU was lower than that from control plants and plants that had been treated with 1 mg·L −1 CPPU.
2. Effect of BA on occurrence of HC No statistical differences in plant growth were evident among BA-treated experimental plots and control plots ( Table 2) . Application of BA during the middle of the growth stage inhibited HC development (Fig. 3) . In the controls, the percentage of roots with HC was 13% at 30 DAS, and thereafter ranged from 27 to 34%. In plants treated with BA, most of the observed roots were free from HC until 50 DAS, and about 7-15% of roots exhibited HC at 60 DAS, regardless of the concentration used.
3. Effect of NAA on occurrence of HC Although no statistical difference in plant growth was observed among NAA-treated experimental plots and controls, root weights tended to be reduced by NAA application during the first half of the growth stage (Table 3) . When 5 mg·L −1 NAA was applied during the first half of the growth stage, the percentage of roots with HC was above 80% until 45 DAS, 2-3 times greater than that observed in control plants at the same number of DAS (Fig. 4) . Thus, the application of 5 mg·L −1 NAA during the first half of the growth stage promoted the occurrence of HC at 35 and 45 DAS, although no effect of NAA application was found at 58 DAS. On the other hand, application of the same solution during the second half of the growth stage had little or no effect on the occurrence of HC. The effect of NAA on vessel arrangement when applied during the first half of the growth stage is summarized in Figure 5 . The number of vessels in root segments from plants that had been treated with 1 mg·L −1 NAA was greater than the number in the controls, and the number was still greater when plants were treated with 5 mg·L −1 NAA.
Discussion
In these experiments, roots of control plants had extensive networks of vessels per unit area in the central pith, but the roots of plants to which 10 mg·L −1 CPPU had been applied during the mid-growth stage tended to have less vessel differentiation in the pith region as compared with the control. Application of 5 mg·L −1 NAA, however, produced the opposite effect, with application during the first half of the growth stage Fig. 3 . Effect of BA on the occurrence of hollow cavity in the roots of Japanese radish. BA at concentrations of 1 (○), 10 (△), and 100 mg·L −1 (□) was applied every 5 days during the middle of the growth stage. Control plants (•) were grown without any treatment. resulting in increased extension of vessels in the pith region. Several studies have determined that the transport of synthetic cytokinins is basipetally polar in the stem (Benes et al., 1965; Black and Osborne, 1965; Osborne and Black, 1964; Seth et al., 1966) , and it is known that synthetic auxins such as 2,4-D move rapidly to the root tips when applied to the cotyledons or leaves of Gossypium indicum and Cucumis sativus L. (Crafts, 1956) . Hence, it is likely that CPPU and NAA applied to the leaves in the present experiment were translocated to the roots, where they affected vessel differentiation.
Lignification of cells in plant tissues was accelerated by auxin treatment (Jacobs and Morrow, 1957; Thimann and O'Brien, 1965) . Kano and Fukuoka (1992b) demonstrated that lignification of the xylem parenchymatous cell wall in R. sativus root is promoted by NAA applied to leaves. Shantz and Steward (1955) reported that a substance extracted from coconut milk that exhibits cytokinin-like activity inhibits lignin formation in carrot tissue culture. At the onset of lignification, there is an increase in cell-wall thickness (Kremers, 1959) , which is the first step in the formation of vessels (Esau, 1964) . According to Watanabe (1958) , thick-walled parenchymatous cells in R. sativus roots often develop into vessels under unfavorable conditions. These observations suggest that the higher level of cytokinin activity in roots resulting from application of 10 mg·L −1 CPPU arrests the lignification of xylem parenchymatous cells, which, in turn, causes the sparse arrangement of the vessels. Conversely, an increase in the auxin concentration of the roots in response to the application of 5 mg·L −1 NAA during the first half of the growth stage induces cell lignification, resulting in vessels becoming densely arranged. Although HC in R. sativus roots occurs as a result of intercellular spaces that develop in the pith region during the mid-growth stage, the pith region in normal roots is usually filled with large globular cellular elements because parenchymatous cells in the pith region preserve their meristematic potential to a considerable degree (Kano and Fukuoka, 1991) . Kano and Fukuoka (1992a) detected lignification in the walls of parenchymatous cells around the intercellular space in the central regions of roots that had densely arranged vessels, and concluded that this biochemical change around the intercellular spaces prevented the proliferation and intrusion of cells into the spaces, resulting in the formation of a large HC. Furthermore, Kano and Fukuoka (1994) recognized that when grown under high soil temperatures, cultivars of Japanese radish such as 'Gensuke', 'Kiributo', and 'Genkou' which have a dense vessel arrangement in the central region of roots were easily developed HC, while cultivars such as 'Kensei', 'Kaishin', and 'Seiei' which have sparsely arranged vessels in the central region of roots, had difficulty developing HC. These observations suggest that the development of intercellular spaces depends on vessel arrangement. Thus, the mechanism of HC formation in R. sativus roots in response to the application of plant growth regulators may be explained as follows. The application of cytokinin during the midgrowth stage suppresses the lignification of parenchymatous cells in the central region of the pith, which results in a sparse arrangement of vessels. At the same time, this biochemical change of the cell walls maintains the proliferation of parenchymatous cells, and so the pith region is filled with large cellular elements and does not develop HC. Conversely, the application of auxin in the first half of the growth stage promotes lignification in the central region of the pith, which results in a dense arrangement of vessels. At the same time, active ligninfication suppresses the proliferation of parenchymatous cells in the pith region and promotes the formation of intercellular spaces. Eventually, the intercellular spaces coalesce into HC.
In the present study, of particular interest was the finding that the application of CPPU or NAA during the late growth stage had little or no effect on the occurrence of HC, regardless of the concentration used. These findings strongly support the findings of our previous study, in which the lignification of parenchymatous cells during the mid-growth stage was shown to be essential for the induction of HC in R. sativus roots (Kano and Fukuoka, 1994) .
